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1. JIntroduction

During the past four years I have been making an effort to understand and |
internret ssrological vhenomena in terms of molecular structure and molecular intar-
actions, The fleld of immunology is ao extensive and the experimental odservations
are so complex (and occasionally contradictory) that no ons has found it possible to
induce a theory of the structurs of antibodies from the observational naterial,

As an alternative method of atiack we may oprovound and attermt to answer the
following questions: VWhat ie the simplest structure which can be sugrested, on the
basis of the extensive information now available about intrameclecular and inter-

molecular forcesl, for a rioleculs with the proverties observed for antibodies, and

1 See, for asgmwmary of this lanfornction, L. Pauling, "The Nature of the
Chemical Bond $nd the Structure of Molecules and Crystals," Cornell University
Precs, Ithaca, New York, Second Editic., 1940,

what is the simplest reasonable process of formation of such a molecule?
Proceeding in this way, I have developed a detalled theory of the atructure and
process of formation of antibodies and the nature of serological reactions which
is nore definite and more widely avplicadle than earlier theories, and which is
compatible with our present knowledre of the structure and properties of simple
molecules as well as with most of the direct empirical information about anti-

bodies., This theory 1s described and discussed below,



11, The Provosed Theory of the
Structure and Process of Formation of Antibodies

When an antigen is injected into an animal some of its molecules are

captured and held in the region of antidody produotiona. An antibody to this

2 There iz some evidence that this is the cells of the reticulo-endothelial
systemi ses Florence R. Sabin, J, . Y¥ed. IO, 67 (1939), and references
quoted by Rher.

antigen is & molecule with a configuration which is complementary to that of a

portion of the antisen nolecule3 . This cormplementariness gives rise to specific

3 The idea of complementary structures for antibody and antigen wag sted
by (a) P, Breinl and F, Haurowitz, Z. physiol. Chem. 192, U5 (1930); (b

Stuart Mudd, J, Immanel. 23, 423 (i§'5;' g?. and has come to be rather generally
acoepted., There ig some intimation of it in the early work of Zhrlich and of
Bordet.

forces of appreciable strength between the antidody molescule and the antigen
molecule; we may descride this as a bond between the two molecules, I assume,

with Marrack, Heidelbercer, and other 1nvestigatorsh. that the precipitate obtalned

+ J. R, Marreck, "The Chamistry of Antigzens and Antidodies®, Revport No. 270 of
the Hedical Research Comncil, His Majesty's Stationery Office, london, 1938;
M, Heidelberger, Chem, Rev. 24, 323 (1939), and earlier pajers.

in the precipitin reaction is a fmmmrkﬁ. and that to be effective in forming

g The framework is sometimes called a "latiice® by immunochemists; the use of
this word in immanology 1s to be discouraged because of the implication of
regularity assoclated with it through 4ts application in crystallography.

the framevork an antibody molecule must have two or more distinct regions with
surface configuration cormplementary to that of the antigen. The rule of parsimony
(the use of the minimum effort to achieve the result) sugsests that thers are enly
twvo such regions; that is, that the antidody molecules are at the most bivalent.
The proposed theory is based on this reaconable agsumption. It would, of course,

be possible to expand the theory in such a way as to provide a mechanism for the
formation of antidody molecules with valance higher than two; dut this would



make the theory considerzbly more complex, and it is likely that antidodies with
valence higher than two ocour only rarely, if at all,

Antibodies are similar in amino-acid composition to one or another of the
fractions of serum globulin of the aninal producing the serum, It is known
that there exist antibodies of different classes, with differsnt molecular
wvolght s~-the molecular weights of rabbit antibody and of monkey antidbody (to
pnemmococcus polysaccharide) are about 157,000, whereas those of pig, cow, and

horse antibodies are about 930.0006. The following discussion is for antidbodies

° 'z, 4. Kaba and K. 0, Pedarsen, Science K], 372 (1938); E. A, Eabat,
J. Exp, Hed. 69, 103 (1939).

with molecular welght about 160,000, and simllar in constitution to the Y

fraction of serum gio'tmlinT; the changes to bs made to cauge it to apply %o

7 A, Meelius mocbu J 1L6h (1
, . 937); Trans, Faraday Soc. . 524
(1937); 7. Svedberg, Ind. Bng '%ma 30, 113 (19387, =

antibodies of other classes are odbvious,

The effect of am antigen in determining the structure of an antibody
molecule might involve the ordering of the aminc-acid rezidues in the polypentids
chains in a way different from that in ths normal glomlin, as sugrested by Breinl
and Eaurowitzs‘ and Hndd.jb. I assume, however, that this is not eo, but that all

antibody molecules contain the same polypeptide chains as normal globulinm,

and differ from normal globulin only in the confieurstion of the chain; that is,

in the way that the chain is colled in the molecule., There is at nresant no direct
evidence supporting this assusption, 7The assumption 1= made because, although I
have found it imposuidle to formmlate in detail a reasonable mechanism vhereby

the order of amino-acid residues in the chain would he determined by the é.ntigen.

a simple and reasonable mechanism, describded below, can e advanced whereby the
antigen causes the polypentids chaln to assume a configuration complementary to
the antigen, The number of configurations accessible to the polypeptide chain

is 30 great as to provide an explanation of the ability of an animal to form



antibodies with considerable svecificity for an apparently unlimited number of

different antigansg. without the necessity of invoking slso a wvarlation in the

L1 See K, landateiner, *The Specificity of Serologicnl Reactions”, Charles
C. Thomas, Baltimore, m}é. :

amino~-acid composition or amino-acid erdars.

7 1t nas boen pointed out by A, Rothen and K. landsteiner, Sciemce 90, 65
(1939), that the possibllity of different ways of folding the same polyneptide
chalin to obtalin different antidodier is worth considering,.

The Fostulated Procsss of Formation of Antibodlies.--lLet us assums that the
£lobulin molecule consists of a single polypeptide chain, containing several

hundirad amino-acid reeaidues, and that the order of smino-acid re iduss 1¢ euch
that for the centsr of the chain one of the accossible configurations is much

more stable than any other, whereas the two end naurts of the chain are of such

a nature that there exigt for them many configurations with nearly the same anergy.
(This point is discussed in dstail in Section IV.) Four steps in our postulated
process of formation of a normsl globulin molecule are 1llustrated on the left
side of Pipure 1, At stage I the polypeptide chain has been synthesized, the
anino-acid residues having been marshalled into the nroper order, nresumadly with
the ald of nolypentidages and protein templates, and the two ends of the chain,

A and C, each containing verhaps two hundred resldues, have been lidermted with
the —astable extended configuration, {The horizontal 1line in aaehldraving
separates the resion, nelow the line, in which the polypeptide chain 1s not abdle
to change its confizuration from the region, above the line, where this is possible,)
Hach of these chain ande.then coils w into the most stable or one of the most
stable of the accessible configurations (stage II) and is tied into this
confimuration by the formation of hydrogen bonds and other weak bonds betwsen

varts of the chain; The central part B of the chain is then liberated (stage III)



and assumes its stable folded configuration (stage IV) to gzive the completed
globulin nolocﬁlc.

There are also ;adicatod in Pigure 1 six stages In the process of formation
of an antibody molscule, In stage I there are shown an antigen molecule held at
& place of globulin production and a globulin molecule with 1ts two ends A and C
liberated with the extended configuration. At stage II each of the ends has
agssumed a stadble coiled configuration. These stadle configurations A' and C! are
not, however, ldentical with those A and C assuned in the absence of the antigen,
The atoms and groups which form the surface of the antigen will attract certain
complementary parts of the globulin chain (a nogativnly#chargea group, for example,
attracting a positively-charged group) and repel other parts; as a result of these
intersctions the configurations A! and C' of the chain ends which are stable in
the presence of the antigen and which are accordingly assumed in the nresence of
the antigen will bhe such that there is attraction between the coiled globdulin
chain ends and the antigen, due to thelr complementarity in strudture. The con-
fizuration assumed by the chain end may be any one of a large number, depending
upon which nart of the surface of the antigen happens to exert its influence on
the chain end and how large a region of the surfa.e happens to de coversd by it.

¥hen the central part B of the globulin chein is liberated from the place of
its synthesis (etage III), one of two processes may oceur. If the forces of
attraqtien betwesn the antizen and the portions A' and Cf are extremely strong,
they will remain donded to the antigen for an indefinite time, and nothing further
of interest will happen, If the forces are somewhat weaker, however, one will
ih time break away--dissociate from the antigen (stage 1V)., Then the portion B
of the chain will fold up to achieve its normal stable configuration (stage V),
making a completed antibody molecule. In time this will dissocliate from the

antigen and float away (stage VI). It is possible that an suxiliary mechanism



for freeing the active ends A' and C' from the antigen molecule comes into
operation; this is discussed in Section Vi,

The middle part of the antibody molecunle thus nroduced would be like that
of a nermal globulin molecule, and the two snds would have configurations more or
loss complementary to parts of the surface of the antigen., These two active ends
are effective in different directions, =0 that, after the antibody is completely
formed, only one of them at a time can grasp a particular antigen molecule.

The antigzen molecule, after its desertion by the newly«formed antibody
molecule, may serve as the vattern for another, and continue to serve until its
surface is covered by very etrongly held antidodies or portions of antidodies or
until the concentration of antibdodies becomes so great that even with weak foraces
operating the antigen is combined with antibodies most of the time (as illustrated
in Pigure 1), or until the antigen moleculs is destroyed or escapes from the region
of globulin formation,

111, Some Foints of Comnarison with Experiment

a, The Heterogeneity of Immuns Sera.--The theory requires that the serum

homologous to a gliven antigen de not homogensous, but heterogeneous, containing
antidody molecules of greatly waried configurations. Many of the antibody molecules
will be divalent, with two active ends with confizuration comnlementary to portions
of the surface of an antigen molecule., GCreat varia’cy. in this complementary
configuration would be expected to result from the accidental approximation to

ocne or ancther gurface region, and further variety from varlation in position of
the antigzen molecule relative to the noint of liberation of the globulin chain

end and from accldental coiling and linlking of the chain emd Yefore it comes under
the influence of the antipen. Some of the antibody molecules would be univalent,
one of the chain ends having, becauss of its too zreat distance from the antigen,
folded into a normal globulin configuration.



These prefdictions ars verified by exparimental rasults, It is well known
that an immune sorum ¢o ons antigen will, 28 a Tale, raact with a related
heternlogous antigen, and that after exhanstion with the latter there remains
a fraction which will still react with the original antigen, Landstelner and

van der Schearm, using as antigens azoproteins carrying variocus haptens containing

15

K. landsteiner and J. van der Scheer, J, Exo. Med. £3, 325 (1936).

the same active group, have shown that the antiserum for one antigen contains

various fractions differj’ing in the strength of their attraction for the haptens,
By the quantitative study of precipitin reactions Heidelberger and Kandann

? (m. Hn)sidolbergor and ¥, . Kendall, J. Bxp. Med, 61, 559 (1935); 62, 467,
g1 (1935).

reached the gamo conclusion, and showed in acdition that even after prolonged
inmunization the antiserum studied (anti-egg aldumin) contalned much low-grade
antivody, incapable by itself of forming a precipitate with the antigen, but with
the property of being carried down in the precipitate formed with a more reactive

rmctianlg.

12 The older experimental results bearing on this question did not permit a
glear Adistinction betwesn antibody fractions differing in dbelng comnlementary to
different active groups in the antigen and fractions differing in the extent of
their complementariness to the sanme group. The experimentis are discussed in
Marrsck'!s monograph.,

b, The Bivalence of Autibodies and the Multivalence of intligens,~-Our theory

is baged on the ides that the precipitate formed in the precipitin reaction is

& network of antibody and antigen molecules in which many or all of the antidody
molecules grasp two antigen molecules apiece and the antisen molecules are

grasped by several antibody molecules, The direct experimental evidence for this
picture of the precipitate lms been adly discussed by its pronounders and supporters,
Marrack and Heidelberger and Kendsll, aad need not be reviewed here, To the

structural chemist it is clear that this picture of the precipitate must be correct,



The great specifioity of antibody-antigen intaractions requires that a definite
bond be formed between an antidbody molecule and an antigen molecule, If anti-
Yodies or sntisens were univalent, this would lead to complexes of one antigen
moleculs and one or more antibody molecules (or of one antibody molecule and one
or more antigen moleculse), and we know from experisnce with proteins that these
aggrecates would in general remain in solution. I1f both antidody and antigen
are multivalent, however, the complex will gzrow to an aggregate of indefinite
size, vhich is the precipitate,

This process is observed directly in the agglutination of cells. On the
addition of an agzlutinin to a cell suspension the cells are seen to clump together.
It 1s obvious that the agglutinin molecules which ars holding the cells together

are 'bivalnntu-—each has two active ends, with configuration complementary 4o that

3 Following Heidelberger and Kendall, I use the terminology of chemical walence
theory in discuseing the specific mutual atiraction of antigen and antidody.

The antibody-antigen “"valencs donds® are not, of course, to be confused with
ordinary covalent chemical bonds; they are due 1nstoad to the integrated veak
forces discussed in Sec, 1V,

of a portion of the surface of the cells; the agglutinin molecules hold the cells
together at their regions of contact, as shown in Figure 2, ‘
Lk
It seems probable that all antibodies have this structure--they they are
bivalent, with their two active regions oppositely directed. Heidelberger and
his collaborators and Marrack have emphasized the multiwvalence of antibodies and

antigenlm. but limitation of the wvalence of antidedies to the maximum value two

14 Professor Heidelberger has ianformed me that in their quantitative treatment
of data on the precipitin reaction he and Dr. Kendall have found no incompati-
bility with this restriction; in their papers they discussed the general case
of multivalence of antidody as well as of antigen,

(1znoring the exceptional case of the atwacimont of two or more antigens or

haptens to the same end region of an antibody) has not previously deen madse,



The maximum valence of an antigen molecule would de ziven by the ratio of
its surface area to the area effectively occupied by one antidody molecule, if
all regions of the antigen surface wers active, In the special case that the
antibody were able to combine only with one group (a hapten, say, with
immunization effected by use of another antigerwith the same hapten attached)
the maximam valence of the antigen would be equal to the number of groups per
molecule.

¢, The Antibody-Antizen Moleculay Ratio in Precipitates.--Our theory provides

an Lrmediate simple explanation of the observed antibody-antigen molecular ratios

in nrecipitates, Under optimum conditione a precipitate will be formed in which
all the valesnces of the antibody and antigen molecules are satisfled. An idealized
representation of a portion of such a precipitate ias glven in Figure 3, The figure
shows & part of a layer with each antigen molacule bonded to slx surrcunding
antidody molecules; this structure represents the —lue N = 12 for the walence

of the antigen, sach antipgen molecule belng attached also to three antidody
molecules adbove the layer represented and to three teléw. Rech antidody molecule
13 bonded to two antigen molecunles, one at each end. An ideal structure of the
ant1body-antigen precipitate for ¥ = 12 may be descrided as having antigen
nolecules at the positions corresponding to closmest packing, with the twelve
sntibody molscules which surround each antigen molecule lying along the lines
connecting it with the twelve nearest antigen neighdora.

Similar 1dsal structures can be suzgested for other waluss of the antigen
valencs. The antigen molecules might be arranged for ¥ = & at the points of &
body-centered cubic lattice, and for X = 6 at the points of a aimple cuble
lattice, with antibody molecules along the connecting lines. TFor K = U the
antipgen molecules, connectaed by antibody molecules, might lie at the vpoints
ocoupied by carbon atoms in dlamond; or two such frameworks might internenetrate,

as in the cuprous oxids arrangement (coprer and oxygen atoms being replsced by
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antibvody and antizen molacules, respactively ),

It 18 not to be inferred that the actual precipitates have the regularity
of structure of these 1deal arrangements, The nature of the nrocess of antibody
formation, involving the uce of a portion of the antigen surface selected at
random ag the template for the molding of an active end of an antidody molewmule,
int roduces g0 much irresularity in the framework that a regular structure
analogous to that of a crystal ie probably never formed, The precipitate 1s
to Ve compered rather with a glase such as silica glass, in which ench silicon
aton 1s surrounded tetrshedrally by four oxyren ntoma and each oﬁ:ygen atom 1w
bonded to two silicon atome, but which lacks further orderliness of arrangement.
Additional disorder is introduced in the precipitate by variation in the effective
valencs vf the antigen nolecnles and by the inclusion of antihody molecules with
only one active and,

The antibody-antisen molecular ratic R of a nrecinitate ig given by the
squation

R = ¥, (antizen)/E ., (antivody) (2)

in which _I_{etf_(antigen) and Egﬂ.(antibody) are the average effaective valences
of antigen and zntibody melecules, respectively., The maximum value of
X, ﬁ.(anti’oody) is 2 (ignoring the exseptional possibility that two emsll
haptens can attach themselves to the same conmbining region zi one end of the
antidbody; steric repulsion of antigen molecules would usually nrevent this
occurrence), and under optimum conditions for formation of the most stable
vrecipitate we may expect this maxirmum value to be closely annroached. The
antidbody-antigen molecular ratio then becomes

R = ¥/° (2)
in which ¥ 1e ¥ ,, (antigen). Now a sphere can be brought into contact with
twvelve surrounding sphersa equal to it in size; hence a spherical antigen
molecule with molecular weight equal to that of ths antibody (157,000) might



have the valence N = 12, if all regione of the antizen surface wers active and

1f the antibody molecules were spheriocal; the assumption of elongated antibody
molecules would pormit the valence to be eomevhat larger, The value 12 of ¥
corregnonds to the wvalus 6 for the ratio R. For larger antigens larger values of
R would be expected, and for smeller ones smaller véluss. Even for antigens with
moleculsr welght as small as 11000 the predicted maximum wvalue of R is U (for
svherical antibodies) or larger. In foet, 3 simpla calcalation basad on the

nacking of spheresls leads to the remults given in Tndle I 16. It i3 zeen

it Sae L. Pauling, Hef. 1, Sec. liga,

16- It may be noted that valuss of R calenl-ted in the text change with
molecular weight in about the same way as those calculated by W, C, Boyd and
S. B. Hooker, J. Gon. Physiol, 17, 341 (1934), on the assumtion that each
antizen molecule 18 surrounded by a closs-packed layer of (univalent) antibody
moledules. The Boyd-Hooker valuas agrea rouchly with exreriment (Marmck,
loc,cit. p. 161).

Table 1
Coorlination of Spherical Antibody Molecules
about Spherical Antlsen Moleculos

Yomber of anti- Minimum yatio of HMinimum molecunlar Maximun molecular lMaximum mass

body molecules antipgen radius to weight of antigen ratio Antibedy ratio
about cntigen antibody radius (antivody 160,000) Intiren Antibody
in saturated pre-« Antigen
_ cipitate

12 1.000 160,000 6 6

8 0.732 63,000 L 10

6 LUl 11,000 1 Wl

b .225 1,800 2 178

thet our theory provides a simple explanation of the fact that for antigens of
molecule weight squal $o or less than that of the antibody the precipitate contains
considerably more antidody than antigen, The values given in Tabls 1 are not

to be considered as having rigorous quantitative significance. Fhe calculated
maximum molacular ratio wonld be larger for elongated antibody molecules than

_for -pherical antibody molecules, and larger for non-gpherical than for spherieal
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antigen molecules, and, moreover, in many sera the antibodies might de
compleﬁantary in the main only to certain surface regions of the antigen, the
number of thege determining the walence of the antigen. That this is so is

indicated by the obaervatioan that after long immunization of a radbit with egg

Y M. Heidelberger and F. E, Kendall, J. Rxp. Med. 52, 697 (1935).

aldumin serum was obtained giving a precinitate with a considerably larger

| nolecular ratio than that for eariier blacdings.ls

¥ The discussion of the nature of this phenomenon of change in the serum on
continued immunization must await the detailed treatment of intrecellular
antibody-antigen interactions. The phenomenon may involve the masking of the
nore effective surface regions of the injected antigen molecules by serum anti-
bodies produced by earlier inoculatione, leaving only the lesz effective regions
available for temvlate action,

Obmerved values of R for precipitates formed in the equivalence zone (with
amounts of antigen solution and serum so chogen that neither excess antidody
nor excess antigen can be detected in the suprrnate) for antigens with molecular
weights between about 4,000 amd 700,000 lie detween about 2.5 for the smaller
19

antigens and 15 for the larger ones It 1e seen thrt the values of R are

] It $s our restrioction of the valence of the antihodyagi'the maxismum value
two which leads to our explanation of the antibody-antigen ratios. The general
observation of values of R considerably greater than 1 is not acecunted for by
a framework theory in which antibody and antigen molscules are both multivalent,
unless some auxiliary postulate 1s Iinvolksd to make the effective wvalence of
antigen considerably greater than that of antibody.

somevhat less than the corresponding valuss from Table 1, which indicates that
not all of the surface regions of the antigens are effective. The data given
in Table 2 are those of Heldelberger and his colladborators; the values reported

by other investigntors are similar in magnitude.
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Tadble 2
Values of Antibody-Antigen Molecular Ratio

for Precipitates from Babbit Antisers®

Antigen Holecular Equi%alencc thru%e anti- An%igen Sul%blo
welght zone body exvess excess compound

Ege albumin %2000 2.5« 3 5 2 1

Dye egg albunin®*  LE000 2.5~ 3 5 0.75 1/2

Serum albumin 67000 3.4 6 2 1

Thyroglobulin 700000 10 - 14 4o 2 1

The experimental valuss are thove obtained by Heidelberger and colladborators,
and quoted by M. Heidelberger, TH1S JOUMNAL 60, 22 (1938),
[ 1]

R-salt-azobiphenylazo egg aldbumin,

In a precipitate formed from a solution containing an excess of antidody not
all of the antibody valences will be saturated, At the limit of antidbody excess
the precipitate will be a network of linear aggregates with a structure such as
that renresented in Figure 4, Here each antizen molscule {with an occasional
exception) 1s surrrunded by ¥ antidody molecules, only two of which bond it o
neighboring antigen molecules. The vadded strings formed in this way are tied
together by an occasional erocss-link to form the precipitate. The antidody-
antigen molecular ratioc is seen to bYe eloao- to ¥ ~ 1, vhich is one lees than twice
the value ¥/2 for the valence-satursfed precipitate. The vpredicted relation
between these ratios

R = 2R

—antibody excess —aquivalence zone
is seen from the data in Table 2 to be verified approximately by experimant for

1

the antigens other than thyroglobulin,

The discrepancy shown by thyrogzlobdulin Ls, indeed, to be expected for an
antigen with molecular welght greatsr than that of the antibody. The requirements
of geometry are such that an arrangement in which each antigen is bonded

equivalently by é.ntibodias to more than twolve surrcunding antigens is impossible.
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Hence for large antigen molecules the molecular ratio can exceed & in the valence-
saturated precipitate only if two or more antibody molecules are shared between
the same palr of antigen molecules, vhereas in the antibody-excese region the
antire surface of the large antigen may be covered by antidody molecules.

With antigen excess the precivitate formed will have the limiting structure
shown in Figure 5, in which (with an occasional exception) both antigen and
antibody are bivalent, the molecular ratic approaching unity, The reported
experimental values for this ratio (Tadle 2) 1ie between 2 and 3/,

With great excesa of antigen finite complexes which remain in solution are
formed, with structures such as shown in Figure 6, For these the molecular ratio
varies betwveen 1 and the minimum value 1/2. It is observed that in general no
precipltate forms in the reglon of gresat antigen excess, and Heidslberger and his
collaborators have in fact assigned values 1 a;:d 1/2 to the molecular ratios for
the compleres in solutioen.

¥hereas precinitation is inmhibited by antigen excess, it usually oceurs even
with great antidbody excess, although soluble complexes with molecular ratio ¥
and the structure shown in Flgure 7 are expected to exist. It seems prodabls
that the differcnce in behavior of systems in the excess antigen region and excess
antibody ragion is to be attridbuted to the faet that the molecular ratio for
precipitate and soluble complex differs by a factor as great as two for the fomer
cage, and by only ¥/(¥ - 1) for the latter.

4. The Use of a §insle Antigen Molecule as the Template for an Antibody Molecule,--

There are two ways in which an antibody molecule with two opposed active regioni

comnlementary to the antigen might bYe produced, One is the way described in
Section II, The other would involve the mamufacture ef' the antibody molecule

in its final confisuration hetween two antigen molecules, one of which would serve
ag the pattern for one antibody end and the other for the second., XNo attempt to

decide botween these alternatives seems to have been made before; there exists
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evidence, however, some of vhich ie mentioned below, to indicate that the first
method of antibody produection, involving only one antizen molecule, occurs
predominantly. It is for thie reagon thi.t I have develonsd ths r:ther complicated
theory described above, with the two end —ortions of the antibody forming first,
one (or both) then separating from the antigen, and the central nart of the antie
body then asesuning its shape and helding the active ends in nosition for
attachment to two antigen molecules,

Thie theory regquirss that the fornhation of antibody be & reaction of the
first order with r:spect to the antizen, wvhereas the other alternative would
require it to be of the second order. There exists very little evidence as to
vhether on immunization with smell amounts of antizen the antidody production is
pr&pértional to the amount of antigen injected or to its square., Some support for
the one-antigen-molecule theory 1s provided dy the experiments dealing with the
injection of a mixture of antigens, If two antigen molecules were required for
antidody form:tion, it would bde expected that antibodies A'~B', A'-C', BY-C!, «us
complementary to two different antigens A and B, A and C, B and C,++- ap well as
thoge A'-A', B'.B' C'-C!', ... complementary to a single antigen would be formed.
The available evidence speaka etrongly cgainat this, Thuz Dean, Taylor, and
Adairac hive reported that the serum produced by imrmunization ith a nmixture
20

H. R, Dean, G, L. Taylor, and M. B, Adair, J. Hygiene 3%, 69 (1935).

of egg aldbumin and serum albumin contains distinct antidodies homolozous to the
two antigens, and that precipitation with one antizen leaves the amount of the
heterologous antibody unaltered. An aven more rigorous demonstration wasg

Turnished by Heldelberger and K&bata

a

,» vho, from the serum of a cow which had

M, Heidelberger and E, A, Kabat, J. Exp. Med. 67, 181 (1938).

been injected with types I, II, and III pneuwmococeci, isclated in succession, with
the corresponding specific polysaccharide, the three anticarbohydrates, each in

an apparently pure state and with no apprreciable crose-reactivity as to
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pneumococcus tyns. In another striking experiment Hektoen and Boor22

22

found

L, Hektoen and A, X. Boor, J. Infect. Dis. U8, 588 (1931).

that the serum obtnined on injecting a radbii with a mixture of 35 antigens
reacted with 34 of the antizens, and that adsorntion with any one had in the main
little effect on subsequent reaction with another. Since on the two-antigen-
molecule theory the amounts of antibodies At-A' BI.BY ... canadle of causing
precinitation with = single antigen would be sxr1l compared with the total

amount of antibody (of the order of 1/n, for n antigens——about 3% in this case),
these quallitative observations provide significant evidence in favor of the

alternative theory.

£, _Criteris for Antigenic Power.--There has been extensive discussion of the

quaestion of what makes a substance an antigen, dut no ypenserzlly accerted
conclusions have been reached, Our theory rermits the formulation of the follow-
ing reasonadle criteria for antigenic activity:

1. The antigen molecule must contain aetive groups, canable of sufficiently
stronz inter-ction with the globulin chain to influence its configuration.

2, The configuration of the antizen molecule must be well-defined over
surface regions large snouch to give rise to an integrated antibody-antisen
force suffiecient to hold the molecules together.

3. The nntigen molecule must be large enocugh to have two or mors such
surface reglons, and in case that the antigenic activity depends upon a particular
groun the molacule must contain at least two of these gromps, (This critarion
annliag to ant;ba@ios effective in the vrecipitin ard aggiutinin reactions and
in anaphylaxis,)

These criteria nre satlefied by subdetances kmown to have antizenic antion.
Many proteins, some carbohyirastes with high molecular weight (bacterial poly-

saccharides, invertebrate glycoganes). and some lipids and carbohydrate-lipid

23 D, B. Campbell, Proc. Soc. Exp, Biel, Med. 36, 511 (1937); J. Parasitol.
23, 348 (1937).
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comnlexes are antigenic. The simple chemical substances 20 far studied have
been found to be insctive, excent those which are capabdle of combining with
proteins in the body. Non-antigenic esubstances have been reported to become

antigenic vhen adsorded on narticles (Forssman antigen on Imolinah): in this

n—_

ol
[ 4

P. Gonzales and M, Armangne, Ce.t. Rend, Soc. Blol. 100, 1006 (1931);
K. landeteiner and J, Jacobs, Proc, Soc. &xn, Biol, Fed. 30, 10v5 (1933).

cage the narticle with adsorbed hapten is to be donsidered the antizen "molecule”
of our theory, I predict that relati-ely simnle molecules containing two or
more hantens will be found to bs antigenic; sxnoriments to test this prediction

are now under way.

1V, A More Nstalled Discusalon of the Structurs

of intibodien and Other Proising

There h~g been gathsred so far very little direct evidence resarding the

detailed structure of protein molecules. Chemical informstion is commatidle
with the nolynentide-chain theory of »rotsin etmctm-é. and this theory is also

oprorted by the rather small amewnt of nertinent x-ray evidmcezs. It was pointed

B A brief statament of the situstion has bheen made by L. Pauling and C.
I;éamn, THIS JOURRAL 61, 1860 (1939); see also R. 5. Corey, Chem. Rev.

26

out some vears ago that the well-defined propei-tias of native proteins require

20 A. 3, Mirsky and L. Pauling, Proc. Nat. Acad, Sei, 22, 439 (1936); H, wu,
Chiness J. Physiol. 5, 321 (19317,

that their molecules have definite configurations, the polypeptide chain or chains
in a molacule being coiled in a definite way and held in nosition by forces acting
batween narts of the chains. The phenomenon of denaturation involves the loses of
configuration through the partig]t or compleste uncolling of thg chains, Of the
foress involved m'tha retention of the native configuration those ciascri‘bed. as
hydrogen bonds are probably the most important. Our knowledge of the properties

of the hyirogen bond has increased to such an axtant during the nast five years
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as to Justify some epecul:tion :s to the nature of the stable configurations
of protein molecules. |

Hydrogen bonds can be formsd by the peptide carbonyl and imino groups of
a polypeptide chalin, and also by the carboxy, amino, hydroxy, and other oxygen-
and nitrogen-contalning groups in the side chains of the anino acld residues.
In a stable configuration .aa many strong hydrogen bonds as possibdle will de
present, Cne confijuration in which all of the peptide cardonyl and imino
groups ars forming strong hydrogen bonde is that ghown in Figure 8, Here
extended chains are bonded together to form a compact layer, with the side chains
extending alternately ahove and below the nlane of the layer (provided that the
levo configuration is the only one represocnted by the amino~acid residues),
This conflguration has ﬁeon aseigned to B-keratin and qther fidbroue nroteins by

AstburyaT on the basis of x-ray data. Although ‘the structure hag not been

7 W. T, Astbury, Trane. Faraday Soc. 29, 193 (1933), snd other pavers,

verified in defall by the analysis of the x~ray data, the arresment in the

dimensions found experimentally for the nseulo-unit cell of R-keratin and those

28

predicted from the complete structure determinations of glyeine = and diketopiperazineag

2 G. Albrecht ond R, B, Corey, THIS JOURNAL 61, 1087 (1939).
2 R. B, Corey, ibid. 60, 1598 (1938).

nalkes 1t very prodahle that the etructure is eccentially corroct, with, however,

the chalng somevhot Aistorted from the comletely ertended configur:.tion}o .

¥ R, B, Corey, ref. 25.

It is to be noted that the ~NH~-L0-CHR- sequence alternates in altcrnate
lines in such a layer, so that a layer of finite size could be constructed by
running a sincle polypeptide chain dack and forth, A globular protain could thenm

be made by bduilding several such layers parallel to one another and in contacet,
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like a staclk of pancakes, the layers being held together Yy side~chain inter
actions as well as by the nolypentide chain itself, A vrotein molecuvle with,
for erample, roughly the shape and size of a cubs IO A on edze might contain
four layers, each with about eight strinss of about twelve residuss each,

A few yrars ago I noticed, by studying molecular models, that a »roline or
hydroxyproline raosidue in the chain wonld interfere with the structure shown in
Fipure 8 in such a way as to cause the chain to tend to twrn through 180%; hence
if theze residues were guitably distributed along the chain during its synthesis
the chain would tend to assume the confisuration diecuseed abdbove,

layer structures other than this one might aleo be assumed, in vhich the
chaing are not extended, Some fibrous vroteins, such as a-keratin, are known %o
have structures of this general type, tut the nature of the folding c&‘ the chaine
has not yet been determined.

¥e have postulated the sxistence of an extremely large mumber of accessidle
configurations with nearly the sam energy for the end parts of the globulin
polypeptide chain, A laysr structurs, with variety in the type of folding in the
layer, would not, it seems to me, give enoush configurational possidilities to
explain the great observed versatility of the antidody precursor in adjusting
itself to the antiren, and I think that skew configurations mmst be invoked.

But sizmple considerations shov that it would be difficult for the chain to assume
a skew configuration in vhich most of the pentide carbonyl and imino bonds take
part in formings hydrozen bonde, =2 they do in the layer structures; and in
congsequence the skew configurations wonld be zuch less 2table than the layer
configurations. The way out of this difficulty is provided by the westulate that

the end parts of the globulla polypeptide chains contain a very larre proportion

(perhaps one-third or one-half) of proline and hyiroxyproline residues and other

residues which provent the assumption of a stable layer configuration.

We may, indeed, anticinate that globular nroteins may be divided into two

main classns, comprising respectively those in which there 1s a layer structure



and those in which the stable configuration of the chains igs more complex; the
latter may show the high proline and hydroxyproline content voastulated for the
£lobulin chain ends,

About one~third of the residues in gelatin are proline and hydroxyproline,
¥e expect accordingly that there are many configurations with nearly the same
energy accescible to 2 gelatin molecule, and that zelatin is not characterized

4
by a single wall-defined native moleculsr configuration’l. Since the substance

2 Collagen has o definite fiber structure, ss shown by x-ray vhotogranhs,
A possible stomic arrengement hag been sugsgestod by W, T, Astburry and P, 0, Bell,
Fature 15, h21 (1940),

contains no strong antigenic groups, a definite configuration is a requisite for
antipenic activity., These considerations thus provide 2 possible explanation of

the well-known fact that rselatin is not e’fective as ar antigan32.

2 Gelatin with haptens attached is znticenic (for references see landeteiner,
loc.cit., ». 162, and C, 7, Harington, J, Chem. Soc, 1940, 119). The vre-
sumptlon is that the haptens interact with the antibody so affectively that one
hanten forms the antigen-antidody bond, and the lack of definite configuration
of tho pelatin is of no significanca,

Serological experiments with artifical conjusated antigensBB. eghecizlly

kil K. landsteiner and H, lamnl, Blochem., 2, £6, 342 (1918); X, landstoiner,
idid. 204, 280 (1920),

azoproteins, have provided resulte of great signifieance to the theory of anti-
body structure. Hany of the arguments dased on thess results are nresented in
the books of landsteiner and Marrack, The dzata obtained resardings cross-reactions
of azoprotein sera with related azoproteins show that electrically charged groups
(carboxyl, eulfonite, crsenate) interact stronsly with homolozous zntidodies, and
that somevhzt wealer interactions are »roduced by hydrogen-bond~formings sroups
and groups with large electric dipols moments (hydroxy, nitrs). The nrincipal
action of a weak group such ag 2lkyl, vhenyl, or haloren is steric; this 1s shown

¢clearly by the strong cross-reactions between similar chlore and methyl haptens,
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The dota on specificity of antibodlies with rrepect to haptens indleate strongly
that the hapten group fits into a pocket in the antidody, and that the fit is a
close one, It ehould not be concluded that all antidody-antigen bondes are of

Juet this type; for exasple, the fitting of an antidbody group into a pocket in

the antigen may also be often of importance. BExtensive work will be needsd to

determine the detalled nature of the antibedy structures complementary to

particulay haptens and antigens.

Y. _JFurther ng;;gog of the Theory with ¥xneriment.

Fossible gw;mtg Tests of Predictions.
a, HMHethods Detern the Vals tibodles.~~The following methods may

be proposed to detsrmine the valence of antibodies. First, let a serum be
produced by injection of an azoprotein of the following type: its hanten is to
be sufficiently etrong (that is, to interact sufficiently strongly with the
homologous antibody) that one hapten group forms a satisfactory antibody-sntigen
bond, and the number of hapten groups ner moleculs is to be small enough so that
in the main only one group will be present in the area servings as a patiern
for an antibody end., The same hapten is then attached to another protein, and
this azoprotein is precipitated with the serun. If it be assumed that the
preciplitate is valence-saturated, the ratio of hapten grouwps to antibody molecules
in the precipitate gives the average valence of the antibody, |

Data of essentially this sort, obtained with arsanilic acid as the hapten and
the rabbit as the experimental animal, have been published by Haurowitz and

his colla.bomtorlju in a paper reporting many interesting experimente. The

F 0. Haurowitz, F. Kraus, and ?. Marx, Z. physiol. Chem, 245, 23 (1936).

egquivalent welght of antibody per arsanilic acid residue was found to vary from
23,000 for anti~ens with very many attached haptens to 51,000 for those with
only & few., The expected value for saturation of all haptens by bivalent anti-

body molecules is one~half the antibody molecular wsight, that is, adbout 79,000,
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The low experimental wvaluss are prodbadly dus to failure of some haptens to
combine with antibodies. In particular, if two haptens are attached to the
same tyrosine or higtidine residus steric interasctions of antibodies may permit
only one of the haptens to dbe affoctivojs.

35 Prom the data discussed above, which in our opinion indicate that two
hapten groups combine with a bivalent antibody molecule, Haurowitz drew the
different conclusion that one areeanic-contalning group in the antigen comdines
with one antibody moleculs., He reached this result by assuming 100,000 (rather
than 157,000) for the molecular weight of the antidody and by assuming that the
active group in the antigen consists of two haptens attached to a tyrcsine or
histidine residue, It is, of course, likely that this occurs in antigens with
hish arsenia content, but it seems probadle that the haptens are mainly attached
to sevarate residues in the antigens con ®mining only a few haptens nar molecule,

The divalence of antidodies and our postulate that only one antigen molecule
is involved in the formation of an antibody moleculs regquire that a »recinitin-
effective antihapten be produced only if the injected antigen contain at least
two hapten groups. Fertinent data have been obtained on this point by
Haurowitz and his collaborators, who found that effective antihapten precipitin
seruz was oroduced by an azoprotein, made from arsanalic acid and horse globulin,
containing 0.24% arsenic (4.8 haptens per average molecule of molecular
weight 157,000), and a trace by one containing 0.13% arsenic (2.6 haptens per
molecule),

b, The Pospible Antipenic Activity of Simple Subatances.--The criteria given
adove for antigenic activity would be satisfled by a substance of relatively
lov molscular weight in vhich several hapten groups (such as seversl arsanilic
acid residves) azre present in the molecule. A substance of this sort would

be expected also to show the precipitinm reaction with its own serum or with
gerun homsologous to an azoprotein contalning the same hapten, and to be capabdle
also of profucing anaphylaxis.

A substance with only two hapten groups ner molecule might be expected not
to give a precipitate with the homologous antibedy, dut rather to form long

strings with antibody and antigen molecules sliternating. These strings womld
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remain in solution, and would confer on the solution the proverty of pronocunced
birefringence of flow, 1f, however, there were in one end of some of the antibody
molecules complementary regions for two hapten groupe, making theese molecules
effectively trivalent, the strinss would be tied together and a precipitate would
be formed, It is prodadly significant in this connection that landsteiner and

van der Sczu.uex-}6 have observed both the precipitin reaction and anaphylactic

35 K. landsteiner and J, van der Scheer, Proc. Soc. Exn., Biocl, Med. 29,
T47 (1932); J. Exp. Med. 56, 399 (1932).

shock (in guinea pigs sensitized with the corresponding azoproteins) with azodyes,
such as resorcinoldiazo-p-suberanilic acid, (OH)aCeH,(NNCgH FHOO(CH,)gC00H),
forned by coupling two anilic acld molecules with resorcinol. landsteiner
himself has explained these observ-tions as resulting fron the low.solubility

of the dyes, but the explanation advanced above seems mors prodable.

c. ZExveriments with Two or More Different Hanteng in the Same Antigen.--We would

predict that if there wers used as an antigen a molecule to vhleh geveral hantemn

groups A and several diffarent hapten groups B were attached, the serum obtained
would contain thres kinde of bivalent antidbodies, A'-A', B'-B' and A'-B' (as well
as the univalent antidodies A'~ and B'.), Our picture of the nrocess of formation
of antibodiee vermits little or no correlation between the two chain ende of the
globulin in the selection of surface reglons of the antigen moleculs to serve as
templates, sxcept that the two reglons must not overlap., We accordingly predict
that for 1, and By cTOUDS A and B regpectively rer antigen molecule the numbers of
bivalent antidody molecules of dlfferent kinde in the serum would be

Bage = o'nyln -1) (3a)
Byoope = 28 50y (30)
oo = B..’.‘.n(.’lg - 1), (3c)

in which o and § are coefficients vhich give the probabilities that the grouwps

gerve ae templates. It 1s seen that the amount of A'-B' antibodies is predicted
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to bs equal to or slightly gre:ter than twice the geometric mean of the amounts

of A'-A! and B'-B', The only data permitting a quantitative test of this

relation which have come to my attention are those obtained by Haurowitz and
collaborators (__]:gg._g}_g.) by use of azoproteins made from arsanilic acid,

A gerum produced by injecting radbits with an antigen mnde from arsanilic acid
and horse globulin was found to contain antidbodies to the arsanilic hapten
(precipitating an azoprotein made from arsanilic acid and rabdbbit globulin),
others to horse globulin itsslf, and still others to the homologous antigen,
these last vresumubly beinz complementary in siructure hoth to the hapten and
to the active zroups of horse globulin, The quantitative reeults obtained are
the following: 10 ml, of irmune serum gave 17-1E mg. of precipitate with the
maximal precipitating amount of asoprotein from arsanilic acid and radbbit
£lodulin, and 8 mg, of precipitate with horse globulin, these amounts dbeing
independent of the order of the two precipitations. After exhaustion with these
two antigens the serum gave 17 mg., of precipitate with the homologous antigen.,
If we sesume that the conditions of each precipitation were such that only
sultable bivalent antibody molecules were incorporated im the precipitats, the
equation above vou).d require the third precipitate to weizh about 24 mg.; the
experiment accordingly provides some support for the theory. The quantitative
discrenancy may possidly bde cdue to the incorporation of some sffectively
univalent antidody molecules in the first two precipitates.

The qualitative experimental results which have bBeen reported are in part

compatidle and in part incompatible with the theory., The most interesting of the

experiment e are those of lLandsteiner and van der Scheer37, vho prepared azo~

37 K, lLandsteiner and J, van der Scheer, J. Exp, Hed, éz. 709 (1938).

proteins containing two different kinds of haptensg an” studied the antibodies
produced by them, In some cases only one of the haptens was effective in antibdedy

formation. With the azoprotein made from 3-amino-5-succinylaminobenzoyl-p-
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aminonhenylarsenic acid, however, a serum was obtained which would combine

not only with the homologous antigen but alsc with azoproteins formed sither
from m-anincsuccinanilic acid or from p-aminophenylarsenic acid, After the serun
was axhausted by interaction with stromata coupled with either one of thess two
simple haptens, it reacted s strongly (as measured by the estimated amount of
nrecipitate) with the azoprotein containing the other simple hapten as before
exhaustion. From this experiment and others the investigators concluded that
there anpeared to be present in the sera, if any, only small amounts of anti-
bodies with two combining groups capable of interaction with the two different
haptens in the antigen, It seems possible that the conclusion is not Justified
by the data, and, with the kind cooperation of Dr. landsteiner, we are continuing
this investigation, _

d, The Antigenic Actl L {bodies.~—Cur picture of an antibody molecule
requires that the configuration of its middle portion Ba the same as that of
normal serum globulin. Hence antidbodies should have antigenic activity, with
ssgentially comnlete cross-reactions with normal globulin. This 1s in agreement

vith experiment; landsteiner and Prasekoo found that precipitins which

bl K. landsteiner and B. Prasek, 7. Immunforech. 10, 68 (1911).

precipitated the serum of an animal precipltated also the agglutinins in the

2
serun, and Eisler’g showed that a nrecinitin to horss serum would precipitate

T n Bisler, Zent, akt. &4, U6 (1920).

tetanus antitoxin, On the other hand, accorling to our picture the active eand
regions of the antibody molscules wonld not have affactive antigenic power, since
their configurations would be different from molecule to molecule (depsnding

on the accidentally selected template region and accidemtzl wey of coiling),

and an antibody complementary to one antidody end would as a rule not combine

with another. The antidody ends would hence in the main be left free in the



nracipitate formed by an antidody and its precipitin, as well as in that

formed by an antibody and the precipitin to normal glodulin, In agreement with

thia, Smith and Kamekuo found that a precipitate formed dy a precipitin and

1)

7, C. Smith and J, Marrack, Brit. J. Ex>, Path. 11, 4ol (1930).

a gerum containing diphtheria antitoxin has the pover of combining with

diphtheria toxin: and simllar results have also been obtalned recently by
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Heidelberger and Treffers = in the case of specific nredipitates formed by

pneumocoecus antidody with homologous antiserum,

" personal commnication of unpublished materisl by Professor M. Heidslberger
and Dr, H, P, Treffera, '

e, Tactors Affecting the Rate of Antibody Production and the Snecificity of
Antibodlies.—In order that an antibody be effective, the surface region of the

antiren covered by an antihody end must be large enough so that the integrated
attractive forces constitutes an antidbody-anticen bond of significant strength.
With a bond of average strength the antibody molecule will be dissocisted from
its antigen template, perhaps with the aid of the auxiliary mechanism mentioned
in Section VI, until an squilidrium or steady-state concentration is duilt wn

in the serum. HNow 1f the antigen surface contains a large number of strong
groups, capable of interacting strongly with complementary atrdcturn in the
antibody, the antidody-antigen dond may be so strong that the antidbody is not
able to senarate itself from the antigen, and only a small antibody concentration
can be bullt up in the serum. ¥e hence conclude that a.;l. antigen containing weak

groups will in general Ye a good antlzen, whereas one containing meny strong
groups will be a poor antigen, with respect to antibody produstion.

Thie prediction, which at first thought seems varadoxical, is in fact dorne
out by experiment. Thus a dland protein such z2s egg albumin is & good antigen,
as are also conjugated proteins with weak groups attached. Aa azoprotein with
many strong groups attached (arsenic acid, sulfonic acid, nitro, etc; the azo

group itself is a rather strong group, capable of forming hydrogen bonds) is
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a poor antigen; in order to obtain serum to such haptens an azeprotein containing

a linited number of the groups must be used., I am told by Dr., landsteiner that

this obeervation was made in the sarly days of the study of 3zoprote1nah2.

"2 See K. landsteiner and H, lampl, loc.cit.

Pertinent data have been reported in recent years by Haurowitz and his

collaborators (loc.cit.), who found the optimum arsenic content for the production

of antihapten by azoprotein made from arsanilic acid to be between 0.5 and 1.0%;

very little antidody is produced by antigens with over 2¢ arsenic, although strong

pracipicin reaction is shown by azoprotein with an arsenic content as great as 10%.
A second deduotion, relating to specificity, can also be made. To achieve

a sufficiently strong antibody-antigen bond with an antigen containing only weak

groups & large purface region of the antigen must come into play, vhersas with

an antigen containing strong groups only a small region (in the limit onc grou;Q)

is needed. Hence antibodies to antigens containing stromg eroups show low

specificity, and those to antlgens containing wesk groups show high specificity.

This vrediction is substantiated by many obserwvations., Eggz aldbumin, hemoglobin,
and similar proteins give hizhly specific sera, whereas axoproteins produce sera
vhich are leas specific, estrong cross-reactions being observed among various
proteine with the same hapten attached. This shows, indeed, that a single
hapten group gives a sufficiently strong bond to hold antidody and antigen
together. In such a case the approximation of the antidody to a strong hapten
1is very close, and great specificity ie shown with regard to the hapten itself,
this specificity being the greater the stronger the hapten. Many examples of
these effects are to be found in landsteiner's work.

2. The Effect of Denaturing Agents.-~We made the fundamental postulate that the

end parts of the polypeptide chains of the globulin molecule are characterized

by having a very large number of accessidle configur-tions with nearly the sane



energy, whereas there is only one stadle configuration for the central part.

It is sccordingly probable that the end configurations, pirving characteristie
pronerties to the antibodies, would be destroyed vefore the central part of

the molecule 15 affect=d and, moreovey, that the sensitivity to dematuring agents
or conditions of antibodies to differ~nt antigeng would de different. The
availadle meager experimental information seeme to be compatidle with these

1dea’s.

T
+ Sce Marrack, loc.cit., mm, h8-51,

Some remarks may bve made regarding the difference in bhehavior of anti-
bodies and antligens in the presence of denaturing zgents, An antigen molecule
may undergo s considsradle oh:nge in configuration without losing completaly its
nower o re.cting with the ho;ologous serum; if some of the surface regions
remain essentially unchanged after partial denaturstion of the protein, the
ant1body molecules complementary to these reglons will retain the power of
combining with them, whersas the antibody molecules comlementary to the reglons
which have besn gre:tly changed by denaturation will no longer bde erfective.

In particular some native proteins may be tullt of superimposed layers, as
described in Section IV, ¥The antigenic regions on top of the top layer and on
the bottom of the bBottom layer would still e effective after the partial
denaturation of the molecule uy the umleafing of the layers, whereas the
antigenic regiong at the gides of the original molecule would in large part

loze their effectiveness by this unleafing., The observation by Rothen and
Landnteimrm“l that esg albumin spread into surface films 10 ; thick retaines

0

A. Rothen and K, landsteiner, Science 90, 55 (1939).

the ability to combine with antl-sgg-albumin rabbit serum is most simply
oxplained by the sssumptions that the native egg albumin wolecule hag the layer

structure suggested above and that the process of surface denaturation of this
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moleculs involves the unleafing of the layers without the losc of their structure.
As mantioned above, it is probable that for wmost antibodies the end reglons
are affected by denaturing agents more ezeily than the centr:l ropion, and that
the firet step in denaturation of an antibody involves these end reglons and
leads to loss of their specific properties. It has been showm by Danielld,
Danielll, and bhrmckus that the reactivity of antib_odies is destroyed by

% J. F. Danielll, N, Danielld, and J. R, Karrack, British J, Exp, Path.
13, 393 (1938),

LTS

gurface denaturation .

o Rothen and landsteiner (}33.3}_1_;_.) have pointed out that from these facts
regarding surface denaturation the conclusion can be drawn that "the specifie
reactivity of antidodies is %0 a large extent dependent upon structures
different from those which mainly determine the specificity of antigens®.

An interesting possidle method of producing antibodies from serum or
globulin eolution outside of the animal is suggested dy the theory. The globulin
would be treated with a denaturing agent or condition sufficiently strong to cause
the chain ends to uncoll; after which this agent or condition would be removed
slovwly while mtigen or hapten is present in the soluntion in consideradle
concentration., The chain ends would then coil up to aassume the configurations
stadble under these conditions, which would be configurations complementary to
thoee of the antizen or haptem,

¥any of the e~periments sugrested above are bYeing undertaken in our
Laboratories, with the collaboration of Dr. Dar Campbell.

VI, TFrocessss Auxiliary to Antibody Formation

It scems not unlikely that certain processes auxiliary to antidody formation
ocour. The reported increase in glotulin (aside from the antibody fraction) after
irmunization suggests the operation of a mechanism whereby the nresence of
antigen molecules accelerates the symthesis of the glodulin polypeptide chains.

There is 1ittle basis for suggesiing possidle mechanisms for this process at present.



The occurrence of the anammestic reaction--the renswed production of
antibodies to an antigen caused by injestion of a second antigen——may be explained
by the asswmption that following the synthesis of an antidbody a mechanism comes
into operation in the cell to facilitate the removal of the antibody from the
antigen, perhaps by changing the hydrogen-ion or salt gqnecntrat-ion or
dielectric constant. This wonuld assist in removing anﬂbodiu not only from the
second antigen but aleo from those molecules of the first antigen which had
renained, covered with homologous antidody attached too firmly for spontanecus
remcval, in the cell, The evidence indicates that the anamnestic reactlon 1is
not in general styong. At o tize after inocculation with typhoid bacillus or
erythrocytes long encugh that the corresponding zgglutining are no longer
detectable in the serum injection of another antigen gives rise to the preeence
of these agglutinins in amounts detectable by the very semsitive agilutimation

test; hut Kadat and Eeidelbergerw found that the amount of additional antibody

5 E, A, Kabat and M, Heidelberger, J. Bxp. Med, 66, 229 (39375,

to scrum albumin produced by injection of ege albumin or typhold toxin was too
small to de detected by their method of analysis.

tw’ The mechanism for catching the antibody moleculs and holding 1t in the
region of slobulin synthesis may be closely related to that of antibody
production--possibly a partially liderated ;lobulin chain which forms a bond
or two bonds with an antigen molecule dire_ctly above it ie mrevended from
freeing its central part from the cell wall, and so0 serves as an anchor,

The reneved production of antidody in the serum after bleoling is to de

attributed to the presence of trapned antigen molecules in the celis. The greater
duration of active than of passive irmmmigzation may be atiributed to this or to

the vresence of complexes of antigen and surrounding antidodies, the outer ends

of which could combine with additional antigen,
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Supnry

It 1s assumed that antidodies differ from normal serum glodulin only in the
way in vhich the two end parts of the zlobulin rnolypeptide chain are coiled, these
p;:»rts. as a result of thelr amino-acid ecomponition and order, having accessidle
a very grest many configurations with nearly the same stability; under the
influence of an antigen molecule they assume configurations complementary to
mrface reglons of the antigen, thue forming two active ends. After the fresing
of one end and the liberation of the central part of the chain this part of the
chain folds up to form the central part of the antibody molscule, with two
oprositely-directed ends able to attach themselves to two antizen molecules.

Among the points of comparison of the theory and experiment ars the
followins: the heterogeneity of serza, the divalence of antidodies and multi-
valence of antigene, the framework structure and molecular ratio of antibody-
antigen precipitates, the use of a single antizen molecule as template for an
antibody molecule, criteria for antigeanilc activity, the bdehavior of antigens
containing two di{fferent haptens, the antigen.c activity of a.ﬁtibodios.
factors affecting the rate of antidody prodmnetion and the specificity of

antibodies, and the effect of denaturing agents. It isg shown that most of the

reported experimenial results are compatiblc with the theory. Some new

sxperiments suggested by the theory are mentiomed.

Pasadensa, California Recelved
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legends for figures

¥iz. 1. Diagrams rerresenting four stages in the process of fomtion of a
moleculs of normal serum globulin (left side of figure) and eix stages
in the process of formation of an antidody moleculs as the result of
interaction of the globulinm polypeptide chain with an antigen
molecule, There is also shown (lower right) an antigen molecule
surrounded by attached antidody molecules or parts of molecules and
thue inhibited from further antidody formation,.

Fig. 2. (A) Diagzram representing agslutinated cells. (B) Diagram of the
region of contact of two cells, showing the postulated structure
and node of action of agglutinin molecules,

Fip. 3. A portion of an ideal antibody-antigen framework, One plane of the
structure corresponding to the valus twelve for the valence of the
antigen molecunles is shown,

Pig. 4. A portion of an antidody-antigen network formed in the region of
antibody excess,

Fig., 5. A portion of the network formed in the region of antigen excess.

Pig. 6. Repwesentative soludle complexes formed with excess sntigen.

Pig. 7. A soluble complex formed with excess antibody.

Fig. 8. The folding of polypeptide chains into a layer held together by

imino-carbonyl hydrogen bonds,



